Abstract-In this communication, the Scale Changing Technique is used for the global electromagnetic simulation of frequency selective surfaces consisting of non-uniform rectangular waveguides perforating a thick metallic plate. Excellent agreement between the Scale Changing Technique and the Finite Element Method is observed with substantial reduction in computation time and memory when using the proposed technique, which may be compatible with an optimization process.
I-INTRODUCTION
The frequency selective surfaces (FSS) play a key role in many antenna systems for modern fixed and mobile communication services. As mentioned in [1, 2] applications include radomes, frequency separation in quasi-optical beam splitters, Cassegrain reflectors, and phase screens for beam steering. FSS are used in various applications to act as spatial filters, allowing transmission at certain frequencies and reflection at others. Traditional FSS are usually based on a periodical arrangement of metallic patches printed on a dielectric substrate or of perforated waveguides on a metallic screen. The geometry of the element (patches or waveguides) is among the most important choice that will determine the overall frequency response of the structure, such as its bandwidth, transfer function, and the dependence of its frequency response on the orientation and polarization of the incident electromagnetic wave. Perforated metallic plates -or metallic grid-are considered here for their low loss and high power handling characteristics which make them particularly attractive for telecom applications.
Most theoretical analysis of FSS does not take into account the finite size of the arrays and are often based on infinite arrays approximation using the Floquet modes and reducing the computation domain to a single cell. Several methods have been developed for taking into account the finite dimensions of arrays [3] [4] [5] but optimization of FSS based on these techniques in terms of, e.g., the bandwidth and sidelobe level, are time-consuming. Design method based on Floquet modes also imposes a strong condition on the solution which is that all the cells are the same. As already discussed, the cell response depends highly on the incidence angle, thus spherical incident wave may requires non-uniform grids for better performances. The full-wave electromagnetic simulation of non-uniform finite arrays by conventional numerical methods based on spatial meshing -i.e., Finite Element Method (FEM), Finite Difference method, Transmission Line Matrix approach-often leads in practice to poorly conditioned matrices, numerical convergence problems or/and excessive computation time. In this paper, an original technique, called Scale Changing Technique (SCT) [6] , is applied for the global electromagnetic simulation of FSS consisting of non-uniform rectangular apertures or waveguides perforating a perfectly conducting and thick metallic plate (see Figure 1 (a)), our goal being to develop a numerical method compatible with an optimization process in terms of computational time.
The SCT was applied with success to various planar microwave circuits [7, 8] . It is shown here that the proposed electromagnetic modeling approach is very fast comparing to FEM implemented in reference commercial software [9] . Finally further simulation time reduction is achieved by using the Grid Computing environment.
II-THE SCALE CHANGING TECHNIQUE FOR FSS GRIDS COMPOSED OF NON-UNIFORM CELLS
The topology of the proposed FSS is shown in Figure 1(a) . It consists of a metallic grid of thickness h=5mm, with 10mm inter-elements spacing. The dimensions of the apertures are non-uniform as illustrated. As a first step to demonstrate the potential of the method, we consider the transmission and reflection coefficients of a finite size (256 cells) non-uniform FSS illuminated by a normal incident plane wave.
Partitioning of the discontinuity plane
If we consider the discontinuity plane composed of the halfstructure (in z-direction), we can easily see that a high scale ratio exists between the highest and the smallest dimensions. The starting point of the proposed approach consists of the coarse partitioning of this (complex) discontinuity plane into large-scale (called scale level s max ) sub-domains of arbitrary shape; in each sub-domain a second partitioning is then performed by introducing smaller sub-domains at scale level s max -1; again, in each sub-domain introduced at scale level s max -1 a third partitioning is performed by introducing smaller sub-domains at scale level s max -2; and so on. Such hierarchical domain-decomposition, which allows to focus rapidly on increasing detail in the discontinuity plane, is stopped when the finest partitioning (scale level s=0) is reached. An illustration of the partitioning of a metallic grid of 16 cells is sketched in Figure 2 ; three different scale levels exist when cells are grouped by four. Boundary conditions (perfect electric or perfect magnetic boundary conditions) are artificially introduced at the contour of all the subdomains D S generated by the partitioning process (Figure 1(b) ), taking into account the physics of the problem. The next step consists of computing the electromagnetic coupling between two successive scale levels via Scale Changing Network (SCN). The cascade of SCNs allows crossing the scale from the lowest scale (s=0) to the highest one (s=s max ).
Scale Changing Networks [6]
At a given scale level s, the tangential electromagnetic field in the given domain D S combines smooth (large-scale) and highly irregular (fine-scale) variations. The fine-scale variations may be described as the combination of higherorder modes in the domain D S . This combination of higherorder modes is spatially localized and contributes significantly to the representation of the field only in the vicinity of discontinuities and sharp edges.
Consequently these modes do not couple together in the various distant sub-domains included in D S . For this reason, higher order modes are said passive. The large-scale contribution to the field is due to distant electromagnetic interaction in the domain D S . This contribution is localized in the modal (spectral) domain. Because they are involved in the description of the electromagnetic coupling between the various sub-domains of D S , these lower-order modes are called active modes. Fig. 2 . Partitioning into multiple scale levels of the discontinuity plane, i.e., of one side of the thick metallic grid.
Moreover, due to their largely different spatial frequencies, any active mode in D S is weakly coupled with any passive mode in the various sub-domains of D S . Consequently it follows from these above-mentioned considerations that the electromagnetic coupling between the domain D S and its constitutive (and distant) sub-domains involves only the active modes. This coupling may be modeled by the multi-port of Figure  3 (a). In this network representation, one port represents one active mode. This multi-port allows to relate the field at scale s (i.e., in D S ) to the field at the smaller scale s-1 (i.e., in all sub-domains of D S ). For this reason, this multi-port is called the Scale Changing Network. The determination of the characteristic matrix (i.e., the impedance, admittance or hybrid matrix) of these networks requires the resolution of boundary value problems for which active modes are taken as actual sources. The Scale Changing Networks in this case can be viewed as the multiport associated with the bifurcation of Figure 3 (b) between a TEM-waveguide (scale s+1) and four smaller TEM-waveguides (scale s). The number of active modes at each scale level is chosen by a comprehensive convergence study to precisely define the coupling between two successive scales.
S-Parameters Calculation
As illustrated in Figure 1( 
Unit-Cell Multipôle
As illustrated in Figure 4 (a), surface impedance multiport can be used for modeling the unit-cell (i.e., the smallest scale level). This unit-cell is shown in Figure 4 ] modeling the half of unit-cell, respectively when a magnetic wall and an electric wall are inserted in the symmetry plane, are derived by applying the mode-matching technique [5] . The thickness of the metallic grid is thus incorporated at this level of the electromagnetic modeling via these two impedance matrices.
Cascade of Scale Changing Networks for global electromagnetic simulation of the grid
As shown in Figure 5 the cascade of above-derived SCNs allows crossing the scale from the lowest scale (s=0) to the highest one (s=s max ).
The resulting multi-port is loaded by the surface impedance multiport [Z 
III-SIMULATIONS RESULTS
As mentioned before, a number of active modes should be chosen for insuring the numerical convergence of the Sparameters. We have chosen the same number of active modes (N 1 =N 2 =70) at all scale levels. Figure 6 displays the simulated reflection and transmission coefficients of a non-uniform metallic grid (Figure 1(a) ) with a thickness h=5mm in the case of a normal plane wave incidence. Ansoft HFSS (version 11.1) was used for FEM implementation with 0.02 stopping criterion for the adaptive convergence solution. An excellent agreement between the HFSS-and SCT-results can be observed. In [10] [11] [12] , SCT has shown very remarkable performance in grid computing environments. Here, once again, the intrinsic characteristics are exploited. By only distributing a SCT simulation of FSS in parallel on two identical computers (AMD Opteron 2218 @ 2.6GHz, 2GB RAM), a 48.16% simulation time reduction (compared to sequential execution of SCT on one computer) was reached. 72.24% time reduction could be reached by using 4 computing nodes. Another advantage of using SCT on computing grids is parametric studies. Instead of analyzing the FSS within a frequency range on one computer, each frequency point can be computed on a separate computing node. Thus 96% simulation time reduction could be easily reached for frequencies from 1GHz to 30GHz. This feature is particularly attractive for FSS analysis as the pass band and the stop band are usually 2 to 3 octaves apart, thus requiring wide band or multiple frequency band analysis.
Number of cells

IV.
CONCLUSIONS The Scale-Changing Technique has been successfully applied to the electromagnetic modeling of a metallic grid of uniform thickness and non-uniform aperture cells. Very good agreement has been observed between computational results from SCT and FEM implemented in Ansoft HFSS in a very wide frequency band (including stop-band and pass-band) under a normal incidence plane wave excitation. Very good performances in terms of accuracy and computation time have been obtained. The main advantage of the proposed approach based on SCT is that any modification in geometry of the structure at one scale-level only requires the calculation of two SCNs and not the recalculation of the complete structure [7] , which means significant computational time saving in parametric analysis or optimization processes. Moreover, this technique has showed its compatibility to distributed Grid Computing with remarkable computation time reductions in two different applications: parallel and parametric. The application of the scale-changing technique for the electromagnetic modeling of the finite metallic Frequency Selective Surface non-uniform grid illuminated by a spherical incident wave is under way.
